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Hollow Fiber Membrane Contactor 
Field of the Invention 



Th,s invention relates to a holtow fiber membrane contactor for phase 
separation, and other phase contact appiication, The contactor is made from 
pem.onna.ed thermop,as«c polymeric materials, has a high packing de„s«y 
proving high useful contacting area, arrf the ab % to operate with liquids of tow 
surface tension. 



Background 0 f the invent;^ 



from T" 885 C0n,3C,0re " 10 <* ™ re «**• «**—. 

ton one phase toanothe, Exampies c, conventiona, contactors are packed 

towers, plate columns and wetted wal, columns. In these systems gas 
absorp tta „ f one or more components fmm the gas stream is accomplished by 
d,pers,ng the gas as bubb.es in packed ,«ers and piate columns in a 

Z? e j:T °°" 10 ,be " quw s,ream - Absorp,ion t * 

<2 considerate by the relative rate ofthe flows and the effective 
urface area of the gas flow bubb.es. in wetted wal, contactors the gas stream 
ows pas, a downward flow o, liquid on the inside wall of a verbca, 1 Z 
*po,no ,s used to transfer a gas dissolved in liquid into a gas stream. Similar 

contactors are used for gas stripping. 

C °™**-' contactors have several deficiencies. Primary among , h8se 

- the fact tha, the individual gas and ,i qu id flows cannot be varied Idepe d 

. flows and flooding a, high ,iq uM flows. Packed towers can flood a' h gh flo! 
rates. The use of low ,i quW „ ow rale5 ,„ . J J 
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lead to process inefficiency. Wetted wall contactors have inherently low mass 
transfer coefficients, and can flood at high gas flow rates. The development of 
membrane contactors has overcome these deficiencies. 

Membrane contactors are devices through which two fluid phases flow 
5 separated by a membrane permeable to the gas being transferred. If a 

microporous membrane is being used, the preferred method relies on the non- 
wetting characteristic of the membrane material and the pore size to prevent 
liquid from intruding into the pores and filling them. Gas transfer then occurs 
through the gas filled pores to or from the liquid, depending on whether the 
10 process is absorption or stripping. If a non-porous membrane is used, gas 
transfer is controlled by the diffusion rate in the non-porous layer of the 
membrane. In some cases, such as oxygen removal from ultrapure water, gas 
stripping is done with a vacuum instead of a stripping gas flow. While other 
membrane geometries are available for this use, hollow fiber membranes are 
15 ideally suited as contactors. 

A hollow fiber porous membrane is a tubular filament comprising an outer 
diameter, an inner diameter, with a porous wall thickness between them. The 
inner diameter defines the hollow portion of the fiber and is used to carry one of 
the fluids. For what is termed tube side contacting, the liquid phase flows 
20 through the hollow portion, sometimes called the lumen, and is maintained 

separate from the gas phase, which surrounds the fiber. In shell side contacting, 
the liquid phase surrounds the outer diameter and surface, of the fibers and the 
gas phase flows through the lumen. 

The outer or inner surface of a hollow fiber membrane can be skinned or 
25 unskinned. A skin is a thin dense surface layer integral with the substructure of 
the membrane. In skinned membranes, the major portion of resistance to flow 
through the membrane resides in the thin skin. The surface skin may contain 
pores leading to the continuous porous structure of the substructure, or may be a 
non-porous integral film-like surface. In porous skinned membranes, permeation 
30 occurs primarily by connective flow through the pores. Asymmetric refers to the 
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15 



20 



25 



«fam* 0 , t e p„ re size across , he , htakness of (he membrane: ^ 
fibers, ,h,s . the porous w al , of th e fiber. Asymmetric membranes have a 
structure in which *e pore size is a funcfen o, location through the cross- 
seCon, typ^iy, gradua|ly inoreas . ng |n . n tmmjns ^ ^ 

he „ surf ace. Mother manner of defining asymmetry , s ,he ratioo, pore 
sizes on one surface to those on the opposite surface 

-nJTT"" Pr0dUCe membra " eS 3 °< ■» ™« 

genera. Cass be,„g synthetic polymers. An important oiass o, synthetic poiymers 

are thermoplasfic poiymers, which can be flowed and moided when heated and 
recover their origina, soiid properties when cooled. As the conditions of the 
appl,ca ion to which the membrane is being used become more severe, the 
matenais tna, can be used becomes limited. For example, me organic solvent- 
based solut,ons used for wafer coating in the microelectronics industry „,ll 
d.ssolve or swell and weaken most common polymeric membranes. The high 
temperature stnpping baths in the same indus,^ consist of highiy acid and 
ox.da.ve compounds, which wii, destroy membranes made of common polymers 
Pe*onna,ed thermoplastic poiymers such as poiyftetrafluoroethylenel 
I' hZu T"" lP ° WPTFB - C °- P ™» <* POWetrafluoroethylene- 

se TZ 77"" (FEP) are no ' adverse,y affected by — -»-»» - 

J, so that membranes made from these poiymers would have a decided 
advantage over ultrafirtrabbn membranes made from less chemically and 
herma ly stable poiymers. These thermoplastic polymers have advantages over 
poly(tetrafluoroethlene)(PTFE) which is not , .■ . "'Wsover 

mllM „ . J . " '• wl1 " : '" snola,rie "w>Plastic,inthatmeycanbe 
rnolded r shaped ,n standard type processes, such as exlnrsion. Perflated 
hermoplastic hoiiow fiber membranes can be produced a, smaller diatJT 
an possible with PTFE. Fib ors with smalier diameters, for example 
rangeo about 350 micron outer diameter to about 1450 micron oute dialer 
can be fabricated into contactors having high membrane surface area * 
contactor volume ratios. This attribute is useful for producing compact 
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equipment, which are useful in applications where space is at a premium, such 
as in semiconductor manufacturing plants. 

Being chemically inert, the Poly (PTFE-CO-PFVAE) and FEP polymers 
are difficult to form into membranes using typical solution casting methods as 
5 they are difficult to dissolve in the normal solvents. They can be made into 
membranes using the Thermally Induced Phase Separation (TIPS) process. In 
one example of the TIPS process a polymer and organic liquid are mixed and 
heated in an extruder to a temperature at which the polymer dissolves. A 
membrane is shaped by extrusion through an extrusion die, and the extruded 
10 membrane is cooled to form a gel. During cooling the polymer solution 

temperature is reduced to below the upper critical solution temperature. This is 
the temperature at or below which two phases form from the homogeneous 
heated solution, one phase primarily polymer, the other primarily solvent. If done 
properly, the solvent rich phase forms a continuous interconnecting porosity. 
15 The solvent rich phase is then extracted and the membrane dried. 

Hydrophobic microporous membranes are commonly used for contactor 
applications with an aqueous solution that does not wet the membrane. The 
solution flows on one side of the membrane and a gas mixture preferably at a 
lower pressure than the solution flows on the other. Pressures on each side of 
20 the membrane are maintained so that the liquid pressure does not overcome the 
critical pressure of the membrane, and so that the gas does not bubble into the 
liquid. Critical pressure, the pressure at which the solution will intrude into the 
pores, depends directly on the material used to make the membrane, inversely 
on the pore size of the membrane, and directly on the surface tension of the 
25 liquid in contact with the gas phase. Hollow fiber membranes are primarily used 
because of the ability to obtain a very high packing density with such devices. 
Packing density relates to the amount of useful membrane surface per volume of 
the device. It is related to the number of fibers that can be potted in a finished 
contactor. Also, contactors may be operated with the feed contacting the inside 
30 or the outside surface, depending on which is more advantageous in the 
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30 



partcuiar appfcauon. Typica, ap pli ca,ions for contactJng membrane systems are 
to amove dissolved gases from ,i quid , . de9asslng , or „ ^ . ^ 

1 8 T example - 020ne is added '° "* '° «-* 

semiconductor wafers. 

5 ,h 8 rr sMnteciOTmembranesarepre ^^ 

•hey w,ll have higher mass transfer than nonporous membranes For 

atrr r ,iquids hav,n9 iow surface ^ <« — «■ 

abte to operate a, higher pressures due to their resistance to intrusion Non- 
porous contactor membranes are preferred in cases where the tiquid vapor 
pressure ,s high, orwhere high temperature operation increases the vapor 
pressure l„ these cases, evaporation through a porous membrane may resuN in 
subs y iiguid ios, Ncporous membranes may aiso be preferred i h 
pre ure appLcations, where intrusion of a porous membrane wouid be a 
problem. 

to nha TT a ' S0 ^ USe "" in 3Wltalto - - addition 

riitr d ? species from a ,eed stream '° a ^ ' — 

d ma," : 6 ;" 6 T*" "° U,d Pro " de ** «"«« ~ ** — -sfer 
and ma,nta,n the product separate from the feed stream 

m, mh Z ' ^ ^ L CUSS ' er <J ' M8mbrane SCL 23 < 1985 ) 33 M«) show that 
mem rane resstance controis absorption o, gases such as ammonia. S0 2 a 
•W » sod,um hydroxide soiutions. This seems generatly true for contactors 
2 w,,h strong acids and bases as the absorption tiguld Por these 
appteatrons. a more porous contactor membrane, such as a micropore 

:zz w :: hav : d : ^ - — «i» ~* 

IT ■ PraC ' iCal " ' he " < *" d *»» "°< W"* me pores and 

« ease lance . WJh „, ^ ^ ^ ^ P res a nd 

present ,nven„on. mis would be possible without coating the surface of Jrh 
w,,h a iow surface tension materia,, which is an added and compleT *" 
manufacturing process step. 
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Membrane contactors have several advantages over conventional 
equipment. Membrane contactors have a higher surface area per unit volume 
than conventional packed towers. More importantly, membrane contactors are 

5 not disturbed by high or low flow rates and do not suffer from the problems set 
forth above for conventional contactors. This is due to the fact that in membrane 
contactors, the flow rates can be controlled independently because the separate 
phases are not in physical contact and cannot influence each others flow. 
Membrane contactors also have the advantage that bubbles are not formed in 

10 the liquid stream under proper operating conditions. These advantages are 
useful in important applications. 

Ozone treatment of drinking water is being increasingly be considered. 
Ozone has the capability of eliminating all viruses, and does not form substances 
such as trihalomethanes, which are by-products of chlorine treatment and natural 

15 substances such as humic or fulvic acids which may be present For applications 
requiring a compact apparatus, such as at remote sites, the higher efficiency of a 
membrane contactor would be preferable to the typical small bubble diffuser, 
which requires significant water-ozone depth to be effective. 

In the manufacturing process for integrated circuits, a photoresist coating 

20 is baked onto a silicon wafer that must be removed after processing. Oxidation is 
a commonly used method to clean the wafers. 

U.S. Pat. No. 5,082,518 describes a sulfuric acid and oxidizer process to 
clean semiconductor wafers. A gas distribution system comprising a sparger 
plate with diffusion holes distributes ozone directly into a treatment tank 

25 containing sulfuric acid. This system has the disadvantages of lower absorption 
efficiency of ozone absorption into the water due to the large bubbles of ozone 
produced. The contactor of the present invention has the chemical stability to 
operate directly in harsh environments and would improve cleaning reaction 
efficiency by supplying a bubble fres ozons solution, 
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° hmietaUEtectro ^m.Soc..Vol.140.No.3.Ma rc h1993,pp.804. 
810. describe cleaning organic impurities fan, silicon wafers at room 

<~-* ozone-injected ultrapure water. US Patent 5,464.480 snows 
that ozone drffused trough a subamblen. temperature deionized water wit, 

12 r eff T' y remove or9a * matenais - •**>— <™ «*» 

waho > be use o, other chemicals. „ is believed tba, lowering the temperature * 
the so lul ,on enabies a sufficient* h , gh 020ne ,„ ^ fo 

substantially 01ddize „ „ , hB organjc ma(e . a| on ^ wafcr to jnso|uWe es 

The means for diffusing a gas can be any means which p TO ides fine babbies of 
ozoneor other gases into the tan* and uniformly distributes the gas throughout 

In US Patent 5.464,480, preferably, the bubbles tba, are provided by me 
tffuser are initially about 25 to about 40 microns in diameter. The gas difjser 
preferably ,s made from a mixture of polytetrafluoroethylene (PTFE) and 
1. penluoroalKoxyMn^ether. By varying the temperature and pressure underwhich 

compnsed ofabou, 95% PTFE and about 5% pemuoroaikox^nyiether The 

o zr? me r ber and ,he impermeab,e memter ™> b * **- * ■» «*- 

me«s as ,ong as the result is a composite member tba, win no, come apart 
nd the stresses in the tank. Preferably, ,he members are hea, sealed 

bonds once the permeable member is formed, a trench is boned out of the PTFE 

10 00 pores ofa s,ze of about 25 to about 40 microns in diameter through 
Whtch gas may permeate into the treatment ,a„, The use o„he .rench in he 
d*ser aUowsthe gastodiffuse into ,he tank as yea- fine bubbles In 

ZZT f0 ?! Sem,0 ° ndUC,Or a **» *- ««*- 

Homooeneous bubbie free ozone dissolved in „,„ a pu re water would prcvide 
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the bubbles. The more homogeneous solution would provide for a more uniform 
cleaning reaction. Furthermore, the high surface area to volume ratio inherent in 
hollow fiber devices would give a compact system, suitable for semiconductor 
operations. 

Dissolved oxygen in ultrapure water is another problem in semiconductor 
device manufacturing. Oxygen removal to less than one part per billion (ppb) is 
required to prevent uncontrolled oxide growth. Potential problems associated 
with uncontrolled oxide growth are prevention of low temperature epitaxy growth, 
reduction of precise control of gate-oxide films, and increased contact resistance 
for VIA holes. This uncontrolled growth can be overcome by stripping dissolved 
oxygen to less than 1 ppb from the ultrapure water used in the manufacturing 
process. The high packing density and cleanliness associated with an all 
perfluorinated thermoplastic contactor are advantages in such applications. 

US Patent 5,670,094 provides an oxidized water producing method in 
which a pressurized ozone gas is generated by an electric discharge type 
ozonator is dissolved in water to be treated through a hollow fiber membrane, 
characterized in that the water pressure inside the membrane is maintained 
higher than the pressure of the ozone gas supplied to the outside of the hollow 
fiber membrane to prevent tiny bubbles and impurities from getting mixed into the 
water being treated, and the ozone concentration in the treated water is 
controlled on the basis of the concentration of the ozone gas. This method 
reference discloses only PTFE membranes and does not contemplate the use of 
an all perfluorinated thermoplastic contactor. 

Commercially available all PTFE hollow tube contactors are referred to as 
"hollow tubes", probably because they are relatively large. Patent JP7213880A 
discloses the fiber manufacturing process for making composite PTFE hollow 
tubes for ozonizing applications. The first step of this process involves extruding 
PTFE paste derived from a mixture of PTFE powder and lubricants. After the 
tube is formed, the lubricants are extracted and the powder sintered into a 
slightly porous PTFE solid tube. The tube is then stretched longitudinally to 
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b^T" ThiS " ,ha " lyPiM ' PTFE * ^ -»*«. ™de 

btr^ ^ 3 6 10 "* ""^ m ° Sl PTFE — are ™de by 
b a .a s tretch ,„ 9 . For ho| , ow „ bers m0 equiva|eni by 

step. th,s radral s, re ,chi„g step is missing (rom lhe disc|osed * 
<^se q uen,, y . lhe m in , his ^ ^ ^ 

he node to fibril network" 0 , flat sn ee, membra „ e Jo 

decency. ,„e tube underwent a second step oftaminating a regular 
proper „ at shee( membrane on )op q( ^ ex(emai . 

^ Th.s s,e P .nvolves lemination o, a long nanow stnp of PTFE micropore s . 
membrane sp,ra,,y on the surface of ,he tubing . This „ ™ 
Pro ess. Also, with the membrane ,ami„ ate d to the outsKe of the hollow tub 
he reastance ,o mass transfer ,n tube-side flow could be higher in cases were 

tension* f ^ "" * " ^ '°» «*» 

ens on „ f these ^uonnXea poiymers aiiows use w«h ,ow surface fension 

*~ or example, highiy corrosive developers used in fhe semico „Z r 

surfactants. These developers cou,d no, be degassed with typica, miaoporous 
membranes berause lhe ^ ^ ^ ^ Z~Z 

permea,, causing sdution loss and excess evaporafion. In 

" 9 mm ™ to ^ mass transfer resistance of gas ' 

^nspor, US Patent 5 . 749 , 41 dasc „ bes how _ 

membranes o, poiypropylene or polyethylene cannot be used in carb™ ioxide 
or hydrogen sulfide absorption Into aqueous solutions cental,™ 
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polytetrafluoroethylene (PTFE) membranes would work in these applications, 
presumably because of their lower surface tension, they are difficult to process 
into hollow fibers. The membranes of the present invention are made from 
polymers having similar surface tension properties to PTFE and are more readily 
5 manufactured into small diameter hollow fiber membranes. 

WO 9853894 describes a process of forming compact, high flux, fouling 
resistant gas filters by coating continuous ultra thin layer of non-porous gas 
permeable polymer over filter surface by contacting one side of microporous 
substrate with dilute coating solution of polymer, preferably amorphous 

10 copolymer of perfluoro-2, 2-dimethyl-1 , 3-dioxole, which is hydrophobic and 
oleophobic. Substrate pore size filters polymer from solution as solvent flows 
through, leaving ultra thin layer of polymer. Process is useful to coat sheet and 
hollow fiber substrates, particularly multiple hollow fibers assembled in modules. 
These membranes have been described as useful for contactor applications. ( S. 

15 Nemser, Paper presented at 1998 North American Membrane Society Meeting.) 
This method requires a separate and complex coating step to produce a non- 
porous contactor fiber. Furthermore, a fully perfluorinated thermoplastic 
contactor is not described. 

20 Brief Summary of the Invention 

In a first embodiment of the present invention, a highly asymmetric 
perfluorinated thermoplastic hollow fiber is used as the barrier. The membrane is 
comprised of a skinned surface on one diameter, and a porous surface on the 
25 other diameter. The smaller pored skinned surface of the asymmetric membrane 
is designed to face the liquid flow and offer the highest resistance to liquid 
intrusion. The thin skin offers low diffusional resistance, yet the small pores offer 
the highest intrusion resistance. Also, the perfluorinated surface has low 
interfacial energy, which further increases the resistance to liquid intrusion. 

30 
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in a second embodiment, a perfluorinated thermoplastic microporous 

1° 1 T rane is used as ,he barrier These « — « - 

appltcauons where t he membrane resistance ,o mass transfer may be controlling 
or Nqu,d,n!n, si on into the pores is a lesser problem. 
5 In a third embodiment, the skinned surface of the perfluorinated 

thermoplastic hollow fiber membrane is non-porous 

memb ™ S '"7"'°" *" * ** I""*"*— Aplastic hollow fibe, 

andtlVT Unte,yend ha * 9 3 "* *»* 

to thanT n Pera ''" 9 "* ^ «*-•"-«- of greater 

Pr idl7 T ,20 °°' A ™™ b *^™^dfor.hecontac«oris 

provided and described. 

^ 0 "*"* r iS °< a of substantially paraiie, hollow fiber 

membranes potted a, bom ends and ha.no unitary end st™ture(s, „ l(h me 
housing containing the fibers. The perflated thermoplastic hollow fiber 
5 membranes of this invention are made of polymers such as poly 

teWuoroethyiene^-pemuoro Whether,,, poly „e,rafluoroe,h*ene-co- 
hexafluoropropyiene). or blends thereof. The contactor has fluid iniets and outlet 
connections forthe two fluids ,o be contacted. As illustrated in Figure 1 fluid 
enters the contactor 2 through the flber iumens 3 mrough connecL ,o 
reverses the intenor of the contactor whiie in the iumens, where « is separated 
from fad 2 by me membrane, and exits the contactor through the flber Lens a, 
connecon 20. Fluid 2 enters the housing through connection 30 and 
substantially „„s ,he space between the inner wa,l o, the housing and the outer 
d,ame,e,sof»,eflber S .andexi.s,hroughconnector40 

havinn *" em60d ' ment *" a$ymme,rte ™~ 
hav.no a porou, tinned surface on one diameter and . porous ell rf.o, on th. 
other dtameta, m „ fiber wa „ ^ ^ g ' ~ - 

Pnocess of making a contactor o, the flrs, embodiment from asymme^ sk ,„ nM 

rtr: i h r p,as " c po,ymera uses ^ 

process descnbed ,n concurrent US patent appiicatfcn eo„ t7,8M, fl,ed January 
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29,1999, the disclosure of which is incorporated by reference. For use with liquid 
on the lumen of the liquid, the inner diameter will be made skinned, and for use 
with liquid on the outer or shell side of the fibers, the outer diameter of the fibers 
will be made skinned. The potted fibers are spaced closely, without any fiber 

5 crossover or fibers impinging on each other so tightly that they can not be forced 
apart by the liquid or gas flow. For liquid flow in the lumen, which is the preferred 
mode of operation for liquid-gas contacting, the fibers do not have to be spaced 
uniformly apart. This simplifies the contactor manufacturing process. 

In the second embodiment, perfluorinated thermoplastic microporous 

10 hollow fiber membranes are made by a process disclosed in patent application 
60/117,852 filed January 29, 1999, the disclosure of which is incorporated by 
reference. Equivalent membranes made by another process could also be used. 
Preferred polymers are perfluorinated thermoplastic polymers, more specifically 
poly (tetrafluoroethylene-co-perfluoro (alkylvinylether)) (poly (PTFE-CO-PFVAE)), 

1 5 poly (tetrafluoroethyiene-co-hexafluoropropylene) (FEP), or blends of these 
polymers, which are dissolved in a solvent to give a solution having an upper 
critical solution temperature, and which when the solution is cooled, separates 
into two phases by liquid-liquid phase separation. Teflon® PFA is an example of 
a poly (tetrafluoroethylene-co-perfluoro (alkylvinylether)) in which the alkyl is 

20 primarily or completely the propyl group. FEP Teflon® is an example of poly 

(tetrafluoroethylene-co-hexafluoropropylene). Both are manufactured by DuPont, 
Wilmington, DE. Neoflon™ PFA (Daikin Industries) is a polymer similar to 
DuPont's PFA Teflon®. A poly (tetrafluoroethylene-co-perfluoro (alkylvinylether)) 
polymer in which the alkyl group is primarily methyl is described in U.S. Patent 

25 5,463,006. A preferred polymer is Hyflon® POLY (PTFE-CO-PFVAE) 620, 
obtainable from Ausimont USA, Inc., Thorofare, NJ. 

In a third embodiment, the conditions of membrane making of the first 
embodiment are adjusted to produce a skinned asymmetric membrane with a 
non-porous skin. A preferred method is to increase the amount of polymer used 

30 in the solution used to make the membranes. 
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temperatures as described in US Patent 5,266,639 is also suitable. The process 
involves heating the potting material in a heating cup at around 275 °C until the 
melt turns clear and are free of trapped bubbles. A recess is made in the molten 
pool of potting material that remains as a recess for a time sufficient to position 

5 and fix the fiber bundle and housing in place. Subsequently, the recess will fill 
with the molten thermoplastic in a gravity driven flow. 

A unitary end structures, by which is meant that the fibers and the pot are 
bonded to the housing to form a single entity consisting solely of perfiuorinated 
thermoplastic materials is prepared by first pretreating the surfaces of both ends 

10 of the housing before the potting and bonding step. This is accomplished by 
melt-bonding the potting material to the housing. The internal surfaces on both 
ends of the housing are heated close to its melting point or just at the melting 
point and immediately immersed into a cup containing powdered (poly (PTFE- 
CO-PFVAE)) potting resin. Since the surface temperature of the housing is 

15 higher than the melting point of the potting resins, the potting resin is then fused 
to the housing resin - a condition for bonding to occur. The housing is then 
taken out and polished with a heat gun to fuse any excess unmelted powder. 
Without this pretreatment step, the housing surfaces often detach from the 
potting surfaces because of absence of intermixing of the two resins. 

20 The unitary end structure(s) is cut and the lumen of the fibers exposed. 

The potted surfaces are then polished further using a heat gun to melt away any 
smeared or rough potted surfaces. A solder gun can be used to locally remelt 
and repair any defective spot, sometimes with the help of a drop of melted resin. 

25 Description of the drawings 

Figure 1 . is an illustration of a hollow fiber membrane contactor. 
Figure 2a. is an illustration of hollow fiber membrane wrapped around a frame- 
Figure 2b. is an illustration showing a fiat rectangular coil of hollow fiber 
30 membrane. 
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Figure 3. is an illustration of a flat rectangular coil formed into a cylindrical fiber 

bundle. 

Figure 4. shows the results of degassing tests run as described in Example 3 

Detailed n^rtptjon n( th c i„, — 

The asymmetric skinned hollow fiber membrane is produced by the 
process described in concurrent U. S. paten, application 60/1 17.854 filed 
i Januao- 29.1999. the disciosure of which is incorporated by reference That 
proce* is based on the Thermal* induced Phase Separation (TIPS) method of 
making porous structures and membranes. A mixture of perfluorinated 
thermoplastic polymer pellets. usually ground to a ste smaller than supplied by 
the manufacturer, from about ,00 to about 1000 microns, preferably about 300 
microns, more preferably suppiied or ground to a powde, and an solvent, sue. 
as chlorotrrfluoroethylene oligimer. is firs, mixed to a pasle or paste-like 
cons,stency. The polymer comprises between approximately 12% to 75% 
preferably 30% to 60%, by weigh, ofthe mixture. Preferred polymers are ' 
Perfluonnated ,hermop,as.ic polymers, more specificaiiy poly (tetrafluoroethylene- 
co-perfluoro (alkylvinylether), (poly (PTFE-CO-PFVAE), or poly 
(tetrafluoroethylene-cc-hexafluoropropylene) (FEP), or blends of these polymers 
w ,h are dissolved in a solvent to g,e a solution having an upper or, Ja, 
olutron temperature, and which when the solution is cooled, separates into two 
ses by languid phase separato , PFA ^ is ^ 

tetra uoroethylene-co-perfluoro (alkyivinylether), in which the alkyl is primarily or 
ompletely the propy, gro u P . FEP Teflon® „ .„ „„,„,„,„ of * 

Oetrafluoroethyisne-co-hexafluorop^ene). Both are manufactured byftft* 

Neo „„» PFA ,Dal W n industries, is a Polymer simiiar to DuPont, PP A 

alky, group ,s pnmanly methy, is described in U.S. Patent 5.463.006. A preferred 
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polymer is Hyflon® POLY (PTFE-CO-PFVAE) 620, obtainable from Ausimont 
USA, Inc., Thorofare, NJ. 

The solvent is chosen so the membrane formation occurs by liquid-liquid, 
rather than solid-liquid phase separation when the solution is extruded and 

5 cooled. Preferred solvents are saturated low molecular weight polymers of 
chlorotrifluoroethylene. A preferred solvent is HaloVac® 60 from Halocarbon 
Products Corporation, River Edge, NJ. Choice of the solvent is dictated by the 
ability of the solvent to dissolve the polymer when heated to form an upper 
critical solution temperature solution, but not to excessively boil at that 

10 temperature. Fiber extrusion is referred to as spinning and the extruded fiber 
length from the die exit to the take-up station is referred to as the spin line. The 
paste is metered into a heated extruder barrel where the temperature raised to 
above the upper critical solution temperature so that dissolution occurs. For 
inside skinned hollow fiber membranes, the homogeneous solution is then 

15 extruded through an annular die directly into a liquid cooling bath with no air gap. 
The lumen diameter is maintained with a constant pressure of gas. The liquid 
cooling bath is maintained at a temperature below the upper critical solution 
temperature of the polymer solution. The preferred bath liquid is not a solvent for 
the thermoplastic polymer, even at the extrusion temperature. Upon cooling, the 

20 heated and shaped solution undergoes phase separation and a gel fiber results. 
The die tip is slightly submerged for vertical spinning, i.e.; the spin line falls 
downward, in the direction of a freely falling body. For horizontal spinning, where 
the spin line exits directly in the horizontal attitude, and is maintained more or 
less in that plane until at least the first guide roll, a specially design die is used. 

25 The die is firmly positioned against an insulated wall with the die tip penetrating 
through an opening having a liquid-tight seal in the insulator wail. A trough for 
cooling liquid flow is placed in a recess in the opposite side of the insulating wall, 
in a manner that will maintain the die nose outlet in a submerged condition. 
Cooling liquid flows in the trough and overflows in a region of the trough of lesser 

30 depth, keeping the die nose outlet submerged with a flow of cooling liquid. In 
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bo.h the vertical and horizontal methods, a booster heater and temperature 
control means is used to briefly raise the solution temperature at the die tip to 
prevent premature oooiing. ,„ , subsequent ^ me ^ ^ 

removed by extraction and the resultant hollow fiber membrane is dried under 
. restrain, to prevent membrane shrinkage and collapse. Optionally, the dried fiber 
may be heat set a. 200-C to 300-C. Preferably the fiber will be heat set or 
annealed under restrain, a, a temperature near the melting temperature of the 
fiber, wh,ch for the preferred polymer o, this invention is w«hin a range of from 
about 270-C to about 290-C. preferably from about 275°C to about 285-C with 
.he most preferred range from abou, 278-C ,o abou, 282-C. ,n order to minimize 
shrinkage during po.ting, a second, unrestrained, annealing step at similar 
.emperafcres Is a preferred step. Annealing times for these steps If from abou. 6 
to abou. 48 hours, more preferably, from about 18 to about 30 hours 

In the invention described in USSN 60,1 1 7,854, controlled evaporation of 
solven. from a. leas, one surface of ,he hollow fiber as it exits the die lip is 
combined with higher polymer solids solutions and the submerged extrusion 
process to produce inner diameter skinned asymmetric hollow fiber porous 
membranes from perfluorinated thermopiastic polymers. For this embodiment 
. e iumen is maintained with a constant pressure of a gas continuously fed into 
the rnner d,ame,er of the lumen. In mis embodiment the superheated solvent 
evaporates inside the lumen as soon as i. emerges from the die. The loss of 
so^en, causes a superficial increase in solids concentration on the inner lumen 
surface. As me mel, is quenched, a very thin skin is formed on the lumen 
surface, while the res, of the membrane forms a microporous structure due to its 
be,ng su merged in a coding or quenching bath which prevents the porogen 

To produce an asymmetric skinned perfluorinated thermoplastic noliow 
*- ™brane with the skin on ,„e outer surface, the process described above 
• adapted so me lumen is filled w«h a liquid to prevent evaporation at the inner 
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surface and the outer surface is exposed to the atmosphere in a very short air 
gap before entering the cooling bath. The lumen-filling liquid can be a liquid that 
does not boil or excessively vaporize during the extrusion process. Preferred 
liquids are mineral oil, silicone oil, and dioctylpthlate ( with a most preferred liquid 

5 being a low molecular weight saturated chlorotrifluorohydrocarbon polymer. 
To produce perfluorinated thermoplastic microporous hollow fiber 
membrane, the teachings of US Patent application serial number 60/1 17,852, 
filed January 29,1999, are used. This application provides for high flux, skin-free 
hollow fiber porous membranes, more specifically, microporous membranes, 

10 from perfluorinated thermoplastic polymers, more specifically poly 

(tetrafluoroethylene-co-perfluoro (alkylvinylether)) (poly (PTFE-CO-PFVAE)) or 
poly (tetrafluoroethylene-co-hexafluoropropylene) (FEP) or blends of these 
polymers. 

A process to produce these membranes is provided. The process is 

15 based on the Thermally Induced Phase Separation (TIPS) method of making 
porous structures and membranes. A mixture of polymer pellets, usually ground 
to a size smaller than supplied by the manufacturer, from about 100 to about 
1000 microns, preferably about 300 microns, more preferably supplied or ground 
to a powder and an solvent, such as chlorotrifluoroethylene oligimer, is first 

20 mixed to a paste or paste-like consistency. The polymer comprises between 
approximately 12% to 35% by weight of the mixture. The solvent is chosen so 
the membrane formation occurs by liquid-liquid, rather than solid-liquid phase 
separation when the solution is extruded and cooled. Preferred solvents are 
saturated low molecular weight polymers of chlorotrifluoroethylene. A preferred 

25 solvent is HaloVac® 60 from Halocarbon Products Corporation, River edge, NJ. 
Choice of the solvent is dictated by the ability of the solvent to dissolve the 
polymer when heated to form an upper critical solution temperature solution, but 
not to excessively boil at that temperature. Fiber extrusion is referred to as 
spinning and the extruded fiber length from the die exit to the take-up station is 

30 referred to as the spin line. The pasta le metered Into a heated extruder barrel 
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wh e ■» '-Perature raised t0 above , he uppef ^ 

* 3 ** CM "" 9 Wh «* » * «* The liouid cooV 
b m s ™, n(31ne ala temperature be , ow(he uppercri(icai J 

ofihepo^erso,*, Thep re(erredba , hliquidisnotaso|vent(or P 

J 3 ' ' ^ ^ S * ,IOn *~ ~n and . 8 e, 

The die fip „ sligMy subme ^ for vertiM) J*. 

« * «He direct „ f . freely falling body . por > * 

The It r 31 ' eaSt " "* 3 SPe *"' * - — ■ 
T e d,e , s flrmly pos , 110ned a9a|ns( an insulated ^ ww 

crouch an opening having a ,i qu id-„ 9 „, se3l in *. ,„ sulator wa , " £ 
«*, «cw ,s p,aced in a recess h , he wsite side „ f (he J£* 

« a ma ne, tha, wil, maintain the * nose outie, in a subn^ed condition 
Coo n „ qu , d „ ows in me , rough ana Qvefcws h a ■ 

Reaping the die „ ose o uBet submerged w«h a fl o„ o f coo,in 8 ,i qu ,d. T 
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eon.™ means is used ,o briefiy raise the solution temperature a. the die tip to 
Prevent Premature ^ ,„ . ^ ^ ^ 

reshain, to prevent membrane shrinkage and collapse. Optionally the dried fiber 
may be heat set at 200°C to 300°C. 

60 1 1 7.853. filed January 29. ,999. incorporated by reference. This application 

zzz h ;":: iber m ~ p * d * a ~ *~ 

*™« i-WI- with a, ,eas, one closed, by the closed end, into a 
tempos recess made in a poo, ot molten themtopiastic polyme, held in a 
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container, holding the fiber lengths in a defined vertical position, maintaining the 
thermoplastic polymer in a molten state so that it flows into the temporary recess, 
around the fibers and vertically up the fibers, completely filling the interstitial 
spaces between fibers with the thermoplastic polymer. A temporary recess is a 

5 recess that remains as a recess in the molten potting material for a time sufficient 
to position and fix the fiber bundle in place and then will be filled by the molten 
thermoplastic. The temporary nature of the recess can be controlled by the 
temperature at which the potting material is held, the temperature at which the 
potting material is held during fiber bundle placement, and the physical properties 

10 of the potting material. A temporary recess can also be recess in a solid 

thermoplastic which will fill when the thermoplastic is heated to a temperature 
sufficiently above its softening or melting temperature to flow, and held at that 
temperature for the time necessary to fill the recess. The end of the fiber can be 
closed by sealing, plugging, or in a preferred embodiment, by being formed in a 

15 loop. 

In the present invention, the fibers are wound around a metal frame and 
heat set into the form of a flat rectangular coil, as illustrated in Figures 2a, which 
shows the fiber wrapped around a frame, and Figure 2b, which shows the flat 
rectangular coil after annealing and removal from the frame. The ends of the 

20 coil form loops, shown by 50 in Figure 2b that are closed to entry by the molten 
potting material. The flat rectangular coil is formed into a substantially cylindrical 
shape as illustrated in Figure 3 and positioned in a perfluorinated thermoplastic 
housing 2 in Figure 1 . The fibers are temporarily held in position in the housing 
during potting by holding means. Examples of such means are given in 

25 application 60/1 1 7,853. The fiber cylinder can be formed by, for example, 
winding on a core or without a core. The inner wall of the housing defines the 
flow space for the fluid to be contacted on the outer diameter of the fibers, the 
shell side. In the present invention, the housing should be of a parftuorinetted 
thermoplastic polymer grade that has a melting temperature at least about 15°C- 

30 20°C higher than the potting material. The housing is pretreated with the lower 
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melting potting material by heating the housing to a temperature higher than the 
metag temperature of the potting materia,, but below the melting temperature of 
the housing material. The heated housing is immersed into a container of potting 
matenai in a powdered form. The higher temperature of the housing causes the 
> Po«,ng material to fuse to the housing so that a strong bond can be fcmed in the 
subsequent potting and bonding step. ., is oucia, for the housing material to have 
a mefag or softening temperature in order to soften when heated near to the 
melting or softening point of the housing material. Without limiting the invention 
■t » beheved that ,„ order to produce a unitary end structure, there has to be a ' 
certain amount o, intermixing o, the housing and the porting polymers, which can 
oniy oc*,, t both are at, above or ve^ near their respective melting or softening 
points. The portion of the predated housing and fibers desired to be in the 
potted region is placed in the temporary recess without contacting the molten 
POtt,„g material within. The potting material will, over the course of time, fiow up 
and around the fibers, and up and around the housing. Bonding to the pre.rea.ed 
hous,ng wil, form a unitary end structure having improved durability be cause the 
pretreatmen, eliminates the interface between dissimilar materials. I, the housing 
were of the same melting temperature as the potting compound, it would soften 
excess,e,y and deform during potting. After potting materia, flow has ceased 
the molten pool Is cooled and the potted end is removed from the heating ' 
container. A second potting step as described is the done on the second end 
Excess thermoplastic polymer potting material is removed and the ends in the 
pot are opened by cutting through the potting materia, perpendicularly or at an 
angle less than 90- to the long axis. 

Opttonally, a ma, of fibers can be made by arranging individual fiber 
,eng,hs in a row perpendicular to the fiber length, the fiber lengths substanfially 
equal d,sta„ces apart, and Joining the adjacent fibers ends at each end of .he 
bars with a continuous means, such as a tape. The continuous means can also 
sea, e ends or one or both ends can be sealed separately. The ma. can men 
be ro„ed on an axis para„e, to the fiber ten g,hs, either on a core or without a 
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core. The rolled-up mat is then placed in the hollow body as described above, in 
either of these optional methods, the potting then proceeds as described above. 

In a preferred embodiment, the first step of making a (poly (PTFE-CO- 
PFVAE)) hollow fiber contactor is to wind gel (poly (PTFE-CO-PFVAE)) hollow 

5 fibers onto a steel frame to form continuous loops on both side of the frame. Gel 
fibers are raw, unextracted fibers with porogen (Halocarbon oil) stili embedded in 
the membrane structure. The gel fibers should be substantially parallel to each 
other. They are spaced closely, yet do not touch or cross each other's paths. The 
framed fibers are then put into a degreaser to extract the porogens from the 

10 membrane. After 24 hrs of extraction, the extracted fiber wound frames are put 
into an oven to anneal the fiber for 24 hrs at a temperature in the range of from 
about 270°C to about 290°C, preferably from about 275°C to about 285°C, with 
the most preferred range from about 278°C to about 282°C. Since the polymer 
has a broad melting temperature range, it is sometimes possible to anneal at a 

1 5 temperature slightly higher than the peak or average melting temperature. The 
fiber frames are retrieved and cooled. After cooling, the fibers are removed from 
the frame. The looped fiber bundle or bundles are then put back into the oven to 
anneal for another 24 hrs at the same temperature. The first step anneals the 
fiber at high temperature under tension, where most of the mechanical properties 

20 are set. The second annealing step relaxes the fiber, allowing the fiber to shrink 
to the equilibrium length with no tension at the annealing temperature. Although 
the shrinkage is very small, about 5%, this second relaxation step is critical as it 
prevents shrinkage of the hollow fibers during potting, which would have resulted 
in non-integral modules. 

25 |n the method of the present invention, bonding and potting are combined 

into a single step. The housing is usually (poly (PTFE-CO-PFVAE) tubing, it is 
important to have a polymer grade with a melting temperature approximately 1 5 
- 25 °C higher than the potting (poly (PTFE-CO-PFVAE)) resin, which melts 
around 256 °C. The perfluorinated thermoplastic pots are preferably made of poly 

30 (tetrafluoroethylene-co-perfluoro (alkylvinyiether)) having a melting point of from 
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about 250°C to about 260°C. A preferred potting materia! is Hyfton® 940 AX 
rear,, from Ausimont USA Inc. Thorofare. NJ. Low viscosity poly 

(tetrafluoroeftylene-co-hexafluoroprop^ne, with tow end-of-mel, temperatures 
as descnbed in US Patent 5,266,639 are also suitable 

5 J:""®7 me " Sa,S, ~^*-'-^. abou,310.C, therefore, is 
a suable hous,ng materal. However, Teflon® FEP has too low a melting point 
250'C wh„e PTFE. no, being a thermoplastic does notme,,. Therefore both of 
hese polymers cannot be used as housing materia, by me preferred method. 
FEP could be used with lower melting pot,ing materials if such were useful or 
o des,red. PTFE may be used. », for exampie. the inner surface were to be 
roughened or abraded sufficiently ,o obtain a satisfactory bond w«h the meted 
po«,ng matenal. The interna, surfaces o, both ends c, the housing must be 
pre reated for the bonding process to occur. The Interna, surfaces on both ends 
of th housmg are heated to or dose to its melting point. A. this condition 
vrsua ,y the housing turns from opaque to a c^sta. clear wall. Once optical clarity 

JTTJ* hea ' ed ^ iS ~ * * "P *S 

powdered (POLY (PTFE-CO-PFVAE), potting resin. Since the surface 

ampere o, the housing is higher than the melting point oftte potting resins 

occur T ?" 10 ^ h ° USin9 "* " 3 « b ^ <° 

occur. The housmg is then taken ou, and polished with a heat gun to fuse any 

excess unmelted powder. Without this pre.rea.men. s,e P , the housing surfaces 

:nr ,ram - **» — — * ^ of ^ 0 ,r e 

One end is potted and made into a unitary end structure a. a time The 

280 C , unt„ the mel, turns dear and are „ee of trapped bubbles. A rod is 

erted ,n,o the me,, to crea,e a cavity. The housing and ,he f,ber burl are 
•ben .nserfed ,n,o ,he cav,fy. „ is imporian, to no,e ,ha, a, ,his point J£ 
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fiber bundle nor the housing touches the potting resin. The melted resin will flow 
by gravity to fill the voids over time to pot the fiber and bond to the housing 
simultaneously. Typically, this process takes 2 days for each end of the bundle. 
After the potted ends are cooled, they are then cut and the lumen of the 

5 fibers exposed. The potted surfaces are then polished further using a heat gun 
to melt away any smeared or rough potted surfaces. For module with a large 
number of fibers, such as 2000 or more, it is quite common that the module may 
have one or two fiber or potting defects. Potting defects are easy to spot, they 
appear as white spots among a mostly translucent potting surface. Fiber defects 

10 must be isolated by bubble point test. However, the repair of the module is 
rather straightforward. A solder gun is used to remelt the defective spot, 
sometimes with the help of a drop of melted resin. Properly potted modules have 
very few defects, normally one or two spots. Improperly potted modules have 
gapping holes, sometimes with sections of the fibers unpotted. 

15 An alternative potting method may be used. This method is described in US 
patent application 60/1 17,856, filed January 29,1999, incorporated in its entirety 
by reference. 

In this method, an array of hollow fiber membranes may be fabricated by 
either winding the length of the array upon itself or upon a mandrel. The 

20 mandrel, if chosen, is preferably circular in cross section, however other cross 
sections, such as oval, square, rectangular or polygonal may also be used. 

The wound hollow fiber membrane is arranged in a single layer, with the 
windings being substantially parallel to one another either in contiguous contact 
with, or spaced uniformly apart from, one another. When the appropriate length 

25 of hollow fiber membrane is accumulated on the mandrel, one or more strips of 
tape means are applied to the outer surface of the hollow fiber membrane 
segments and positioned along the length of the mandrel in an orientation 
parallel to its axis of rotation and perpendicular to the central axes of the 
individual hollow fiber segments. The tape extends from the first hollow fiber 

30 membrane segment wound on the mandrel to the least and preferably extends 
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about 1 cm beyond each end of the fiber array The hollow fiber membrane 
Tome? are * along .he middle o, me entire length of the .ape means such 
.ha. .he hollow fiber membranes remain Joined ,oge.„er by .he now halved s.rip 

5 slo, v A Si " 9 ' e SCTe " ^^'^"S a '"ermopla* sealing polymer .o a dua, 
so e«rus,on d* produces two poiymer rib*n*e anions. A sui<ab,e ,e„g,h 
of a P e*onna,ed ,hermop,as,ic lube is moun,ed on a removabie winding 
mandrel posifcned beiow ,he exhision die. with .he regional axis of the 
mandrel being parailel .o a line connecing ,he two oufiets o, .he exlrusion die 
B fore,he„, d i„g„ fth9amyandt , efomationo(the(ubeshee ■ 

ubeshee, and .he ,ube. The hea,ed perfi„ori„a,ed ,herm 0 p,as,ic .ube is ro,a,ed 
and extrusion of .he twin ribbons is initiated. 

Following the accumulation of approximately a one-half turn of the 
polymer ribbon extrusions on ,he ,ube, ,he leading edge of the hollow fiber 
mem^ne ar ,ay ls po si„ oned under „, paf3 , |e| , o ^ 

.deo «heex,end e d sWp o, te pemea„s,acin gth e. ub e. Thetapels^n 
brought ,n,o comae with the tube outboanl o, ,he tubesheets and wound up on 

he tube. A s„gh, tension is maintained on ,he holiow fiber array to k eep th 
fibers ,n contact with .he polymer extrusions. Application of the polyme 
extaons may be ,ermina«ed after the entire array is wound about he mandrel 
A^auvef, the tubesheets may be b„, up ,o a larger diameter depend,^' 
•he equ,remen.s of ,he res, o, the module assembly process. ,„ this case he 

•he fiber lumens and further machining may be performed to provide a means for 
I* 8 *" ^" '* * — • ho-ing or the fiber bundle may 2 

ontoured to provide details suitable for thermoplastically bonding i, to the 
components of a pressure housing o, the same or similar resin materia, „ order 
to produce a hollow fiber module. 
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In an alternative configuration, a single common pot may be used for both 
separate ends. This configuration would be useful, for example, where it is 
desirable to have the inlet and outlet is close proximity for convenience and to 

5 reduce space. To be potted in a common pot, the fiber bundle would be formed 
into a U-shape or other practical geometric form to bring the separate bundle 
ends close together. A single potting would be done in the manner described 
above, with the necessary adaptations needed to accommodate the dimensions 
encompassed by the two fiber bundle ends. The housing may also be U-shaped, 

10 with each end terminating in the common pot, although a large enough straight 
housing could also be used. The single unitary end structure with the two potted 
fiber bundle ends would then be machined, or would have been molded so as to 
be able to accommodate separate flow connections. Separate flow connections 
would then be made to each bundle end, so that the inlet flow could enter one of 

1 5 the fiber bundle ends, and exit the other without intermixing. 

Characterization Methods 

Flow Rate Test 

Two strands of fiber in the form of loops are fit into a 1/4"polypropylene tubing 
20 about 1" long. A hot melt gun is used to force hot melt glue through the open end 
of the tubing to pot the fibers. Normally, the glue does not fill up all the spaces 
between the fibers. To complete the potting, hot melt glue is applied to the other 
end of the tube. The length of the fibers, from the end of the potting to the loop, 
should be about 3.5 centimeters. After the hot melt glue solidifies, the tubing is 
25 cut to expose the fiber lumens. The fiber OD is measures under a microscope. 
The tubing with the fiber loop is mounted into a test holder. Isopropyl alcohol 
(IPA) is poured into the holder, the holder sealed, and gas pressure is set to 13.5 
psi. The time interval to collect a set amount of IPA permeate is recorded. 
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Sample Calculations 

IPA Flow RATE = V/(TVOD*N*L) 

5 

IPA Flownme (FT) = seconds to collect 500 ml ipa 
where; 

10 V = volume of permeate 

T = time 

OD = outside diameter of fiber 
N = number of fibers 

L = total length of one strand of exposed fiber 

Intrusion Pressure jf^t 

between the fibers To m , , 9 d0eS not ™ u » al1 <n e »P«W 

is about 3 inches Aftl, * k ' °" he '° *• '°°P. 

» ^-n.ne fl berloopis m outeH reSUnderamiOTSOTPe ' ™» «*• 

«n 8 the testl Z££ ^ ^ - ~ to a container 

Pressed gas M Th ! T ""^ •»■"». such as a 

exampie. ,0 ps l s Id T* " " " * 

' psi ste P s > and the test fluid forced intn th« r 

intrusion o, the ,es, fluid i s readily „ bse ^ " s " f ° f "» fibe - A "y 
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for about 20 minutes, or unless intrusion is observed. If no intrusion is observed, 
pressure is raised to the next increment and the test continued. 

Visual Bubble Point 

5 Two strands of fiber are loops to fit into a 1/4"poIypropylene tubing about 1" long. 
A hot melt gun is used to force hot melt glue through the open end of the tubing 
to pot the fibers. Normally, the glue does not fill up all the spaces between the 
fibers. To complete the potting, hot melt glue is applied to the other end of the 
tube. The length of the fibers, from the end of the potting to the loop, should be 

10 about 3.5 centimeters. After the hot melt glue solidifies, the tubing is cut to 
expose the fiber lumens. The fiber OD is measures under a microscope. The 
tubing with the fiber loop is mounted into a test holder. The potted fiber loop is 
mounted in a bubble point test holder. The loop is submerged in a glass 
container of IPA. Air pressure is slowly increased in the lumen of the fibers. The 

1 5 pressure at which the first bubble appears at the outer surface of the fibers is 
registered as the visual bubble point. 

Scanning Electron Microscopy Images 

Samples of hollow fiber membrane are soaked in isopropyl alcohol or a mixture 
20 of isopropyl alcohol and water, approximately 50% by volume. The wetted 

sample is then soaked in water to replace the alcohol. The water-wetted sample 
is held by a tweezers and dipped in a container of liquid nitrogen. The sample is 
then removed and quickly snapped by bending using a pair of tweezers. 
Approximately 2 millimeter cut sample is fixed to a sample stub with conductive 
25 carbon paint (Structure Probe Inc. West Chester PA). Microscopy is done with 
an ISI-DS130c scanning electron microscope (International Scientific 
Instruments, Inc. Milpitas, CA). Digitized images are acquired by a slow scan 
frame grabber and stored in TIF format. 



28 



WO 00/44479 



PCT/US00/02378 



screw, hv Baker -Perk,ns (Sag.naw, Ml) extruder having 29mm 

screws, by means of a Moyno (Springfield om n™ • 
o pytn,H Qr t, ,* "ngneia, OH) progressive cavity pump The 

™ZZ ZZT — — A p ze i: 

«**d ra ,e «o ma^in „. bo»o„ potion of .he , e Z 

:== 

oil. maintained at 70°C was used as th! t ^ m ' nUte - Minera ' 

the die was operated in I T " ^ the '"«»n, 

U P on a set ^l^^T ^ ^ - - «-n 

fiber was exacted with 1 1 dichlnm 1 

tarelhane , (Florocarbo „ I41b , C1) and subsequenuy 

Hxa mpl8 2 PreparaU0 „ of No „. porous sk(nned Asymme ^ 

by weight polymer solids Th. „ , P ° dUCe 3 paste of 40 % 
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special hollow fiber die mentioned above. The die annulus was approximately 
300 microns. A low volume flow controller, Brooks Instrument 8744, (Hatfield, 
PA) fed air at controlled rate to maintain the hollow portion of the fiber. The melt 
pump and air pressure were adjusted to produce a fiber with about a 250 micron 

5 thick wail and a 540 micron diameter lumen at a spinning rate of 100 feet per 
minute. Dioctyl pthalate, maintained at 35°C, was used as the cooling bath. 
After centering the lumen, the die was operated in the horizontal submerged 
method. The fiber was taken up on a set of Godet rolls. The fiber was extracted 
with 1,1-dichloro-1-fluorethane, (Genesolve 2000 Allied-Signal, NJ) and 

10 subsequently dried. The fibers had no observable IPA bubble point up to 100 
psi, and no measurable IPA flow. These results indicate that the membrane skin 
was non-porous. 

Example 3 Production of Microporous Hollow Fiber Membranes 

15 

Pellets of Hyflon® POLY (PTFE-CO-PFVAE) 620(Ausimont) was mixed 
with HaloVac 60 from Halocarbon Oil Inc. to produce a paste of 18% by weight, 
which was fed by a Moyno pump into a Baker-Perkins MPCA/-30; L/D=1 3 twin- 
screw extruder operating at 200 RPM in the horizontal fiber spinning mode. 

20 Extrusion and run conditions are shown in Tables 1 and 2 below. A Zenith melt 
pump was used to meter the melt into a hollow fiber die. The die annulus was 
about 400 ja. Heated Halocarbon oil 1000N was used as lumen fluid to maintain 
the hollow portion of the fiber. The melt pump and the lumen fluid pump were 
adjusted to produce a fiber with about 200|i wall and 500^ lumen. The bath 

25 liquid was dioctyl pthalate. After centering of the lumen needle, the die was 

submerged under the quench liquid for about 1/16" and the fiber was taken up by 
a set of Godet rolls. The fiber was extracted with Genesolv® 2000, Allied-Signal, 
Morristown, NJ, dried and then annealed at 275°C. Fiber Characterization data 
are given in Table 3. 
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Table 1. 



Extruder Barrel temperatures 
(°C) 




Table 2. 



Sample # 


Take- 


Lume 


Cooling — 




up 


n 


bath 




rate 


pump 


Temperat 




(fpm) 


rate 


ure (°C) 






(rpm) 




1 


100 


I 20 


55 


2 


I 100 


25 


100 


3 


130 


25 


100 


4 


130 


15 


100 


5 


100 


30 


100 


6 


100 


35 


100 | 


7 


100 


45 


100 | 


B 


200 


ST" 


100 ~~j 
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Table 3. 



Sample # 


Outer 


Wall 


Visual I PA 


Mean I PA 


Flow Time 




diameter 


thickness 


bubble 


bubble 


(sec) 




Microns 


microns 


point (psi) 


point 
(psi) 




1 


940 


191 


16 


39.5 


1396 


2 


914 


184 


14 


37.3 


1028 


3 


826 


165 


15 


37.6 


916 


4 


749 


210 


19 


40.5 


1467 


5 


1054 


178 


14 


27.3 


933 


6 


1080 


172 


10.5 


27.3 


783 


7 


1118 


140 


10 


37.9 


788 


8 


826 


203 


12 


29 


1295 



5 Example 4 Contactor Used in Degassing Mode 

Potting resin from Ausimont USA Inc, grade 940AX with a melting point of 
256 C and a melt flow index of about 200, was heated and melted at 275 C in a 
heating cup about 4" wide and 3" deep. After about 24 hr, the resin was 

10 completely clear and it had no trapped bubbles. Degassing hollow fibers with 
500 n ID and 150 n wall, made from 30% MFA 620 solids cone, and HaloVac 60, 
were used to prepare the fiber loops on a frame about 12" long. The fiber frames 
were extracted in Genesolv for about 24 hrs. The frames were retrieved, air 
dried, and then annealed at 280 C for 24 hrs. The frames were retrieved from 

15 the oven, cooled and the fiber loops unwound from the frame. The fiber bundles 
were put back into the oven and annealed for another 24 hrs. The fiber bundles 
were retrieved and cooled. A bundle was then assembled with about 2000 fibers 
and they were inserted into a PFA housing about 10" long, 2" ID and a wall 
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904AX powered resin. A depression was made with a rod In the potting cup 
T e ho us , d ^ mr bundle ^ inserte<j Wo ^ ^ ^ ^ J 

'or 2 days. The potted fiber bundle was retrieved careful,,, and the bousing 
reversed to trea, ,be ofher end. After bo,h ends were potted, me potting wl cut 
o -pose ,he lumens. Tbe potted surfaces were then polished wifb a hea, gun 
o remove any loose resins. The module was tested for integrf* with IPA. I was 

!1T on ; z had a de,ec '- A soider am was ™< - *** - ~ 

Plug both ends of the fiber. The modu,e was tested again and was integra, 

Fully saturated water was pumped through the lumen side of the module 
< a rate o, ,00 m,/mi, A vacuum o,2r Hg was P u„ed on the sheil-side Tht 
temperature o, the water was 20 C. An oxygen probe was used to measure the 

* etr, ;r en ~ a,ion ,o ~ ^ 

At the outlet o„he module, i, was found tha, the oxygen level dropped torn a 
aturated leve, of 8.5 ppm to 0.0 pp m i„ about ,0-20 min. Thus he re mol 

efficiency was 89%. dl 



Example 5 Water Degassing 

similar'toTl T " U * B * ™ de * — 

«* to the membrane of Example 1. A bundle of fibers was made and potted 

, <#y holder. The fiber ID was 500 , and the fiber wal, was abou ,^ 

The number of fibers was about 500 and the iength of the moduie was abou,20 

vacuum of 60 Torr was ma.ntained on the shell side. The oxygen level of the 
water was measured atthe inle, and outietofthe memb ra „e. Z inlTwat 
was degassed to a level of 3, ppm using a Hoechs, Upuid-Ce,, degtsllr The 

P™p,n gra ,ewas200m,/min.and,he,emp.ofwa,erwas20C 
a.mosphehc pressure was pumped into the shell-side. The airflow rate wa* 
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about 2 standard liters per minute. The oxygen level at the outlet was observed 
to rise from 3.1 ppm to 6.8 ppm in a period of 10 min. 

Example 6 Measurement of Gasification Efficiency 

5 

The same module was used for gasification efficiency. In this mode, water 
at 20°C was pumped through the lumen just as before, except that the feed water 
was degassed by a Hoechst Liquid Cel degasser. The shell side was purged 
with low-pressure air on one end, while the other end was left open. Because of 
10 the low gas flow, there was practically no gas pressure drop on the shell side. 

For all practical purpose, the absolute gas pressure was assumed to be 
760 mm Hg. The oxygen concentration of the feed and the outlet water was 
measured at different flow rates. 

Figure 7 shows the results compared to literature values from product 
15 literature for Celgard Liquid Cel® degasser (Hoechst Celanese, Charlotte, NC) 
and theoretical predictions based on Leveque's solution. The method of data 
analysis is presented below. 

The mass transfer coefficient, K, was calculated by the following equation: 

20 

K = -(Q/A)*ln[C 0U t-C*/Ci„ -C*] 
where 

C ou t is the oxygen cone, in output liquid [ppm] 
C in is the oxygen cone, in input liquid [ppm] 
25 C* is the equilibrium oxygen cone, at the gas pressure on the shell side 

[ppm] 

Q is the flow rate [cc Is] 

A is the membrane area [cm 2 ]. 

30 The Sherwood number is calculated as follows: 
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Sh = K * D/D ab 

where K is the mass transfer coefficient [cm/s], 
5 D is the ID of the fiber [cm] and 

Dab is the diffusivity of oxygen in water[cm 2 /s]. 

The Graetz or Peclet number is calculated as follows: 
10 Pe or Gr = V*D 2 /(L*D ab ) 

WhereV is the velocity of flow inside the .umen [cm/s] and 
L is the length of the fiber [cm] 

' 5 describe^T' GraSlZ ~ *»* — <° 

descnbe hea, and mass transfer operations. The sllerwood 

d,mens,o*ss mass transfer coefficient, and the Graetz number is a 
dimensions group ltBt „ relaled b ^ ^ ^ ^ ^ 

Grae* numbers from between abou , 5 , 0 ^ 10oo ( 

«d .o descnbe beat ormass transfer probtems in tubes. In mis JT» 
oncentrabon bounda,, , ay er „ turned t0 be ^ „ , d J ° 

» »=* o, the tube. Yang and Cusster ( A,CHE J. ^,9,0^™ 

.emb ^ por , he _ where me ^ ^ 

n 1 a '°" OWed ^ reM ° n Sh " A ' G " b - —» A=1 64 

1 « from ■» „ Krature . For „„„„ , low ouwd8 ona , n orosB ^ *»» 
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Sh =C(Re) d (Sc) e , where Re is the Reynolds number, dv/v, where d = fiber 
diameter, v = liquid velocity, v = kinematic viscosity, and Sc is the Schmidt 
number, the ratio of kinematic viscosity to the diffusion coefficient. C has a range 
of 0,32 to 1.38, d from 0.34 to 0.61 and e is 0.33. 

5 

S. R. Wickramasinghe et al ( J. Membrane Sci. 69 (1992) 235-250) 
analyzed oxygen transport in a hollow fiber membrane contactor using the 
method of Leveque. A bundle of porous hollow fiber membranes were used. 
They showed that a plot of the Sherwood number vs. the Graetz number was 

10 linear at high values of the Graetz number, in agreement with theoretical 

predictions. Results at low Graetz number were explained by the polydisperity of 
fiber diameters, which affects uniformity of flow through the fibers. Their analysis 
showed that at low Graetz numbers, the average mass transfer coefficient fails 
below the theoretical prediction due to uneven flow through the fibers. They 

15 concluded that oxygen mass transfer was unaffected by the diffusional resistance 
across the membrane. Conversely, one can conclude that a membrane that 
follows the prediction of the Leveque theory is porous, because otherwise, the 
resistance to diffusion would be too high to follow the theory. 

20 The results illustrated in Figure 7 show that the membranes of this 

example behave as porous membranes because they follow the linear portion of 
the Leveque equation at high Peclet numbers. 

Example 7 Pore Intrusion Testing 

25 

An intrusion test was run on a membrane sample produced from a 30% 
polymer solids solution by a process similar to that described in Example 1 . 
Fiber OD was 750 micron, ID was 485 micron. Isopropyl alcohol was used as 
the test fluid (surface tension 20.93 mN/m at 25°C-CRC Handbook of Chemistry 
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wT* CRC Press,. AT 50 psi, no intrusion was noted a „ ef 3Q 

Some intrusion was noted at 60 psi. mnutes. 

Examp, . Prepara(ion 0 , MymmeMc Sk|nned perf| 

Thermoplastic Ho,,ow Fiber Membra „ e .„„ ^ ^ ^ 

cnlorotrifluoroetriylene oligomer rCTFPWu.i~. .. ~, 

Products, was oreoared =, . (Ha ' 0Carb ° n 0,1 *° "™ Halooarbon 

This CZZZ I7 m pera,ure and usM for ho,tow ^ ~ 

ry was fed via a metenng pump (FMI model QV, into an extrusion 
^ consisting o f a twiWew extruder (BaKer-PerJs moTt^o 
die I (Z6ni,h ™ de ' HPB ^ ■ - -d a „o«l L 

let ^ """" ^ ^ Mmder «* *- -ew 

elements and mixing paddles to provide canabilitvw •• 

the (POLY (PTFE-CO-PFVAE)) LIT 7!, 9 ^ '"""^i" 5 <* 

200 rpm. The noliow »J£ i n * vs h ^ ^ ^ — « 
0.01 6 in. and an annular I "p! ^ ^ ^ * 

**. this experiment was approximate 2 o g ,mi ^7 "** "* 
was approximately to g/min U,I,e " °"' S feed rate 

-o„:~^ 
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maintained at approximately 73° C. by use of external heating. An air gap of 
approximately 0.25 in. was maintained between the tip of the hollow fiber die and 
the entrance into the quench bath. The quenched fiber was wound around a set 
of Godet rolls and taken up at a linear speed of 120 fpm. This gel fiber with the oil 
5 filled lumen has an OD ~ 800p and ID-400p 

To remove the CTFE oil from the quenched fiber, a length of the fiber 
sample was wrapped in multiple loops around an open rectangular metal frame 
and clamped at both ends. The frame was placed in a degreaser (Baron 
Blakeslee MLR-LE) containing 1 ,1 dichloro-1-fluoroethane (Florocarbon 141b, 
10 ICI) for approximately 16 hrs. Afterwards, the framed sample was allowed to dry 
at room temperature and it was then heat-set in an oven at 275° C for 
approximately 10 mins. 

The final fiber is white in appearance and the scanning electron 
micrographs of its structure are given in Figs. 9-11. Fig. 10 shows the 
1 5 morphology of the inside (lumen) surface of the fiber and reveals a highly porous 
structure. Fig.9 shows the morphology of the outside surface of the fiber and 
reveals a much denser structure. Figs. 1 1 shows the morphology of the cross- 
section of the fiber near the outside surfaces and shows that the tight layer on 
the fiber's outside surface is extremely thin in thickness. 
2 0 A practitioner skilled in the art of developing and producing hollow fiber 

membranes will be able to discern the advantages of the present invention. It is 
not the intent of the discussion of the present invention to exhaustively present all 
combinations, substitutions or modifications that are possible, but to present 
representative methods for the edification of the skilled practitioner. 
25 Representative examples have been given to demonstrate reduction to practice 
and are not to be taken as limiting the scope of the present invention. The 

inventor seeks to cover the broadest aspects of the invention in the broadest 

manner known at the time the claims were made. 
What is Claimed: 
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What we claim: 



. A fluid-fluid phase contactor substantially made from perfluorinated 
thermoplastic polymers for contacting a first fluid with a second fluid 
comprising; 

a) a bundle of a plurality of perfluorinated thermoplastic hollow fiber 
membranes having a first end and a second end, said membranes 
having an outer surface and an inner surface, said inner surface 
comprising a lumen, said membranes selected from the group 
consisting of 

hollow fiber membranes having a porous skinned inner 
surface, a porous outer surface, and a porous support 
structure between, 

hollow fiber membranes having a non-porous skinned 
inner surface, a porous outer surface, and a porous 
support structure between, 

hollow fiber membranes having a porous skinned outer 
surface, a porous inner surface, and a porous support 
structure between, 

and hollow fiber membranes having a non-porous 
skinned outer surface, a porous inner surface, and a 
porous support structure between, 

b) each end of said bundle potted with a liquid tight perfluorinated 
thermoplastic seal forming a unitary end structure with a 
surrounding perfluorinated thermoplastic housing wherein the fiber 
ends are open to fluid flow, 

c) said housing having an inner wall and an outer wall wherein the 
inner wall defines a fluid flow volume between the inner wall and the 
lumens of the hollow fiber membranes, 

d) said housing having a first fluid inlet to supply a first fluid to said first 
end of the bundle to be contacted with a second fluid and a first 
fluid outlet connection to remove said contacted first fluid from said 
second end, 
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e) said housing having a second fluid inlet connection to supply a 
second fluid to be contacted with said first fluid to said volume 
formed between the inner wall of the housing and the hollow fiber 
membranes, and an second outlet connection to remove said 
contacted second fluid. 

2. The contactor of Claim 1 having hollow fiber membrane outer diameter in 
the range of from about 350 microns to about 1450 microns. 

3. The contactor of Claim 1 wherein the porous skinned surface pores are in 
the range of 0.001 micron to about 0.05 micron. 

4. The contactor of Claim 1 wherein in paragraph b) said each end of said 
bundle is potted with a liquid tight perfluorinated thermoplastic seal forming 
a single unitary end structure comprising both the first fiber bundle end 
and the second fiber bundle end with a surrounding perfluorinated 
thermoplastic housing wherein the fibers of said each end are separately 
open to fluid flow. 

5. The contactor of any one of the Claims 1-4 capable of liquid-gas mass 
transfer with liquid flow in the lumen with a Sherwood number equal to the 
Graetz number to the 0.33 power multiplied by a factor A, wherein A is in 
the range of from about 1 .62 to about 1 .86, in a range of Graetz numbers 
of from about 5 to about 1 000. 

6. The contactor of any one of the Claims 1-4 capable of liquid-gas mass 
transfer with liquid flow in the lumen with a Sherwood number equal to 
about 1.64 multiplied by the Graetz number to the 0.33 power in a range of 
Graetz numbers of from about 5 to about 1 000. 

7. The contactor of any one of the Claims 1-4 capable of liquid-gas mass 
transfer with liquid flow across the outer surface of said hollow fiber 
membranes with a Sherwood number equal to a factor C multiplied by the 
Reynolds number raised to the d power, multiplied by the Schmidt 
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numdber raised to the e power, where c lies in the range of from about 
0.32 to about 1.38, d lies in the range of from about 0.34 to about 0.61, 
. and e is about 0.33. 

8. The contactor of any one of the Claims 1-4 capable of liquid-gas mass 
transfer with liquids having surface tension values of greater than about 20 
mN/m. 

9. The contactor of any one of the Claims 1-4 capable of liquid-gas mass 
transfer having an intrusion pressure of less than about 60 psi with 
isopropyl alcohol. 

10. A method of using the contactor of any one of Claims 1 through 4 
wherein the first fluid is a liquid and the second fluid is a gas. 

1 1 . A method of using the contactor of any one of Claims 1 through 4 
wherein the first fluid is a gas and the second fluid is a liquid. 

12. A method of using the contactor of Claim 10 wherein the gas is an ozone 
containing gas mixture and the liquid is an aqueous liquid. 

13. A method of using the contactor of Claim 1 1 wherein the gas is an ozone 
containing gas mixture and the liquid is an aqueous liquid. 

14. A method of making a fluid-fluid phase contactor substantially made from 
perfluorinated thermoplastic polymers for contacting a first fluid with a 
second fluid, comprising; 

a) forming a bundle of a plurality of perfluorinated thermoplastic hollow 
fiber membranes having a first end and a second end, said 
membranes having an outer surface and an inner surface, said 
inner surface comprising a lumen, said membranes selected from 
the group consisting of 
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hollow fiber membranes having a porous skinned inner 
surface, a porous outer surface, and a porous support 
structure between, 

hollow fiber membranes having a non-porous skinned 
inner surface, a porous outer surface, and a porous 
support structure between, 

hollow fiber membranes having a porous skinned outer 
surface, a porous inner surface, and a porous support 
structure between, 

and hollow fiber membranes haying a non-porous 
skinned outer surface, a porous inner surface, and a 
porous support structure between, 

b) positioning said fiber bundle in a surrounding perfluorinated 
thermoplastic housing having an inner wall and an outer wall to 
form a fluid flow volume between the inner wall and the hollow fiber 
membranes, 

c) potting each end of said bundle positioned in said housing with a 
liquid tight perfluorinated thermoplastic seal to form a unitary end 
structure with said surrounding perfluorinated thermoplastic 
housing, 

d) opening the fiber ends of both unitary end structures to provide fluid 
flow through the hollow fiber lumens, 

e) providing said housing with a first fluid inlet to supply a first fluid to 
said first end of the bundle to be contacted with a second fluid and 
a first fluid outlet connection to remove said contacted first fluid 
from said second end, 

f) providing said housing with a second fluid inlet connection to supply 
a second fluid to be contacted with said first fluid to said volume 
formed between the inner wall of the housing and the hollow fiber 
membranes, and an second outlet connection to remove said 
contacted second fluid. 

15. The method of Claim 14 wherein wherein in paragraph c) said each end 
of said bundle is potted with a liquid tight perfluorinated thermoplastic seal 
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forming a single unita* end structure comprising both the first fiber bundle 
end and the second fiber bundle end with a surrounding perfiuorinated 
thermoplastic housing wherein the fibers of said each end are separately 
open to fluid flow. 

16. The method of Claims 14 and 15 wherein a step for repairing defects is 
added after step d) comprising repairing potting defects by melting said 
pottmg material locally near the the defect to seal said defect 

17. A fluid-fluid phase contactor substantially made from perfiuorinated 
thermoplastic polymers for contacting a first fluid with a second fluid 
produced by the process of Claims 14 -16 comprising: 

a) a bundle of a plurality of perfiuorinated thermoplastic hollow fiber 
membranes having a first end and a second end, said membranes 
hav,ng an outer surface and an inner surface comprising a lumen, 
said membranes selected from the group consisting of 

hollow fiber membranes having a porous skinned inner 
surface, a porous outer surface, and a porous support 
structure between, 

hollow fiber membranes having a non-porous skinned 
inner surface, a porous outer surface, and a porous 
support structure between, 

hollow fiber membranes having a porous skinned outer 
surface, a porous inner surface, and a porous support 
structure between, 

and hollow fiber membranes having a non-porous 
skinned outer surface, a porous inner surface, and a 
porous support structure between, 
b) each end of said bundle potted with a liquid tight perfiuorinated 
thermoplastic seal forming a unitary end structure with a 
surrounding perfiuorinated thermoplastic housing wherein the fiber 
ends are open to fluid flow, 
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c) said housing having an inner wall and an outer wall wherein the 
inner wall defines a fluid flow volume between the inner wall and the 
hollow fiber membranes, 

d) said housing having a first fluid inlet to supply a first fluid to said first 
end of the bundle to be contacted with a second fluid and a first 
fluid outlet connection to remove said contacted first fluid from said 
second end, 

e) said housing having a second fluid inlet connection to supply a 
second fluid to be contacted with said first fluid to said volume 
formed between the inner wall of the housing and the hollow fiber 
membranes.and an second outlet connection to remove said 
contacted second fluid. 

18. The contactor of Claim 17 wherein in paragraph b) said each end of said 
bundle is potted with a liquid tight perfluorinated thermoplastic seal forming 
a single unitary end structure comprising both the first fiber bundle end 
and the second fiber bundle end with a surrounding perfluorinated 
thermoplastic housing wherein the fibers of said each end are separately 
open to fluid flow 

19. The contactor of Claim 17 having a hollow fiber membrane outer diameter 
in the range of from about 350 microns to about 1450 microns. 

20. The contactor of Claim 17 wherein the pores are in the range of 0.001 
micron to about 0.05 micron. 

21 . The contactor of Claim 1 8 having a hollow fiber membrane outer diameter 
in the range of from about 350 microns to about 1450 microns. 

22. The contactor of Claim 18 wherein the pores are in the range of 0.001 
micron to about 0.05 micron. 

23. The contactor of Claim 17 capable of liquid-gas mass transfer with liquid 
flow in the lumen with a Sherwood number equal to the Graetz number to 
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the 0.33 power multiplied by a factor A. wherein A is in the range of from 
about 1.62 to about 1.86, in a range of Graetz numbers of from about 5 to 
about 1000. 



24. The contactor of Claim 17 capable of liquid-gas mass transfer with liquid 
flow in the lumen with a Sherwood number equal to about 1.64 multiplied 
by the Graetz number to the 0.33 power in a range of Graetz numbers of 
from about 5 to about 1000. 

25. The contactor of Claim 17 capable of liquid-gas mass transfer with liquid 
flow across the outer surface of said hollow fiber membranes with a 
Sherwood number equal to a factor C multiplied by the Reynolds number 
raised to the d power, multiplied by the Schmidt number raised to the e 
power, where c lies in the range of from about 0.32 to about 1.38, d lies in 
the range of from about 0.34 to about 0.61, and e is about 0.33. 

26. The contactor of Claim 17 capable of liquid-gas mass transfer with liquids 
having surface tension values of greater than about 20 mN/m. 

27. The contactor of Claim 17 capable of liquid-gas mass transfer having an 
intrusion pressure of less than about 60 psi with isopropyl alcohol. 

28. The contactor of any one of the Claims 1 8-22 capable of liquid-gas mass 
transfer with liquid flow in the lumen with a Sherwood number equal to the 
Graetz number to the 0.33 power multiplied by a factor A, wherein A is in 
the range of from about 1.62 to about 1.86, in a range of Graetz numbers 
of from about 5 to about 1000. 

29. The contactor of any one of the Claims 1 8-22 capable of liquid-gas mass 
transfer with liquid flow in the lumen with a Sherwood number equal to 
about 1 .64 multiplied by the Graetz number to the 0.33 power in a range of 
Graetz numbers of from about 5 to about 1000. 
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30. The contactor of any one of the Claims 18-22 capable of liquid-gas mass 
transfer with liquid flow across the outer surface of said hollow fiber 
membranes with a Sherwood number equal to a factor C multiplied by the 
Reynolds number raised to the d power, multiplied by the Schmidt 
numdber raised to the e power, where c lies in the range of from about 
0.32 to about 1.38, d lies in the range of from about 0.34 to about 0.61, 
and e is about 0.33. 

31 . The contactor of any one of the Claims 18-22 capable of liquid-gas mass 
transfer with liquids having surface tension values of greater than about 20 
mN/m. 

32. The contactor of any one of the Claims 1 8-22 capable of liquid-gas mass 
transfer having an intrusion pressure of less than about 60 psi with 
isopropyl alcohol. 

33. A method of using the contactor of Claim 17 wherein the first fluid is a 
liquid and the second fluid is a gas. 

34. A method of using the contactor of Claim 17 wherein the first fluid is a gas 
and the second fluid is a liquid. 

35. A method of using the contactor of Claim 33 wherein the gas is an ozone 
containing gas mixture and the liquid is an aqueous liquid. 

36. A method of using the contactor of Claim 34 wherein the gas is an ozone 
containing gas mixture and the liquid is an aqueous liquid. 

37. A method of using the contactor of any one of the Claims 18-27 wherein 
the first fluid is a liquid and the second fluid is a gas. 

38. A method of using the contactor of any one of the Claims 18-27wherein 
the first fluid is a gas and the second fluid is a liquid. 
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39. A method of using the contactor of Claim 37 wherein the gas is an ozone 
containing gas mixture and the liquid is an aqueous liquid. 

40. A method of using the contactor of Claim 38 wherein the gas is an ozone 
containing gas mixture and the liquid is an aqueous liquid. 

41. A fluid-fluid phase contactor made from perfluorinated thermoplastic 
polymers for contacting a first fluid with a second fluid comprising- 

a) a bundle having a first end and a second end of a plurality of 
microporous perfluorinated thermoplastic hollow fiber membranes 
said membranes having an inner surface and an outer surface 

b) each end of said bundle potted with a liquid tight perfluorinated 
thermoplastic seal forming a unitary end structure with a 
surrounding perfluorinated thermoplastic housing wherein the fiber 
ends are open to fluid flow, 

c) said housing having an inner wall and an outer wall wherein the 
-nner wall defines a fluid flow volume between the inner wall and the 
hollow fiber membranes, 

d) said housing having a first fluid inlet to supply a first fluid to said first 
end of the bundle to be contacted with a second fluid and a first 
fluid outlet connection to remove said contacted first fluid from said 
second end, 

e) said housing having a second fluid inlet connection to supply a 
second fluid to be contacted with said first fluid to said volume 
formed between the inner wall of the housing and of the hollow fiber 
membranes, and an second outlet connection to remove said 
contacted second fluid. 

42. A method of making a fluid-fluid phase contactor made from 

perfluorinated thermoplastic pofymers for contacting a first fluid with a 
second fluid, comprising; 

a) forming a bundle of a plurality of perfluorinated thermoplastic 
microporous hollow fiber membranes, said membranes having an 
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inner surface and an outer surface, said bundle having a first and a 
second end and being in a substantially cylindrical form, 

b) positioning said fiber bundle in a surrounding perfiuorinated 
thermoplastic housing having an inner wall and an outer wall to 
form a fluid flow volume between said inner wall and the hollow 
fiber membranes, 

c) potting each end of said bundle positioned in said housing with a 
liquid tight perfiuorinated thermoplastic seal to form a unitary end 
structure with said surrounding perfiuorinated thermoplastic 
housing, 

d) opening the fiber ends of both unitary end structures to provide fluid 
flow through the hollow fiber lumens, 

e) providing said housing with a first fluid inlet to supply a first fluid to 
said first end of the bundle to be contacted with a second fluid and 
a first fluid outlet connection to remove said contacted first fluid 
from said second end, 

f) providing said housing with a second fluid inlet connection to supply 
a second fluid to be contacted with said first fluid to said volume 
formed between the inner wall of the housing and the hollow fiber 
membranes, and an second outlet connection to remove said 
contacted second fluid. 

43 The method of Claim 28 wherein a step for repairing defects is added 
after step d) comprising, repairing potting defects by melting said potting 
material locally near the the defect to seal said defect. 

44. A fluid-fluid phase contactor made from perfiuorinated thermoplastic 
polymers for contacting a first fluid with a second fluid produced by the 
process of Claims 42 and 43 comprising; 

a) a bundle having a first end and a second end of a plurality of 
microporous perfiuorinated thermoplastic hollow fiber membranes, 
said membranes having an inner surface and an outer surface, 

b) each end of said bundle potted with a liquid tight perfiuorinated 
thermoplastic seal forming a unitary end structure with a 
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surrounding perfluorinated thermoplastic housing wherein the fiber 
ends are open to fluid flow, 

c) said housing having an inner wall and an outer wall wherein the 
Inner wall defines e fluid flow volume between said inner wall and 
the hollow fiber membranes, 

d) said housing having a first fluid inlet to supply a first fluid to said first 
end of the bundle to be contacted with a second fluid and a first 
fluid outlet connection to remove said contacted first fluid from said 
second end, 

e) said housing having a second fluid inlet connection to supply a 
second fluid to be contacted with said first fluid to said volume 
formed between the inner wall of the housing and the hollow fiber 
membranes, and an second outlet connection to remove said 
contacted second fluid. 

45. A method of using the contactor of claims 44 wherein the first fluid is a 
liquid and the second fluid is a gas. 

46. A method of using the contactor of claims 44 wherein the first fluid is a 
gas and the second fluid is a liquid. 

47. A method of using the contactor of Claim 45 wherein the gas is an ozone 
containing gas mixture and the liquid is an aqueous liquid. 

48. A method of using the contactor of Claim 46 wherein the gas is an ozone 
containing gas mixture and the liquid is an aqueous liquid. 

49. A contactor of any one of the Claims 1. 14, 17. 41, 42, and 44 wherein 
said perfluorinated thermoplastic is selected from the group consisting of 
poly(tetrafiuoroethylene-co-perfluoro(alkylvinylether))or 
poly(tetrafluoroethylene-co-hexafluoropropylene). 
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50. The membrane of Claim 49, wherein the alkyl of said 

poly(tetrafluoroethytene.co-perfluoro(alkyivinylether)) is selected from the 
group consisting of propyl, methyl, and blends of methyl and propyl. 
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